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Abstract. Anthropogenic climate change is already apparent and will have significant, ongoing impacts on Australian
fishes and their habitats. Even with immediate actions to reduce greenhouse gases, there will be sustained environmental
changes. Therefore, it is necessary to consider appropriate adaptations tominimise detrimental impacts for both fishes and
the human populations that utilise them. Climate change will have a range of direct effects on the physiology, fitness,
and survivorship ofAustralia’smarine, estuarine and freshwater fishes, but also indirect effects via habitat degradation and
changes to ecosystems. Effects will differ across populations, species and ecosystems, with some impacts being complex
and causing unexpected outcomes. The range of adaptation options and necessary levels of intervention to maintain
populations and ecosystem function will largely depend on the vulnerability of species and habitats. Climate change will
also have an impact on people who depend on fishes for food or livelihoods; adapting to a new climate regime will mean
trade-offs between biological assets and socioeconomic drivers. Models can be used to help predict trends and set
priorities; however, they must be based on the best available science and data, and include fisheries, environmental,
socioeconomic and political layers to support management actions for adaptation.
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Introduction
The rate at which the Earth’s climate has changed over the past
century, and is projected to change over the rest of the current
century, is unprecedented in the past 800 000 years (Steffen
2009). It is now unequivocal that human activities (e.g. green-
house gas emissions) have caused or contributed to recent global
climate change (IPCC 2007). The role of greenhouse gases is
relatively well understood; expressed simplistically, climate
change involves more energy trapped in the climate system as
a result of increased greenhouse gases and the ‘greenhouse
effect’, leading to increases in the Earth’s temperature and
changes to global hydrological cycles (Fig. 1). The widespread
increases in temperatures and associated environmental changes
such as melting of glaciers and icecaps, sea level rises, increases
in weather extremes (hot and cold days, storms, floods,
droughts) will have an impact on aquatic ecosystems (marine,
lake and riverine), their fishes and fisheries. Although these
changes are often portrayed as complex and uncertain, most
major potential impacts, at least conceptually, are reasonably
well documented (Fig. 1) (IPCC 1995, 2001, 2007). Moreover,
global temperatures will continue to increase over the next
30–40 years, regardless of further anthropogenic forcing,
because of inertia in the climate system (IPCC 2007). As such,
there is a critical need to act now, not just to address root causes
of global climate change (mitigation) but to instigate manage-
ment actions to assist populations, species and communities to
cope with the expected changes (adaptation).
For biological systems, impacts of global climate change are
compounded by the existing human alteration of natural sys-
tems, which have greatly undermined the resilience of
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populations, species and communities within marine and fresh-
water ecosystems. The cumulative effects of prior and ongoing
stressors also make species, communities and ecosystems
much more vulnerable to climate change (e.g. Schindler 2001;
Valiela et al. 2001; Hughes et al. 2003; Dudgeon et al. 2006;
Wooldridge 2009). This is particularly so for freshwater and
estuarine ecosystems, which are affected by increasing devel-
opment as well as land and water use within their catchments.
The impacts of climate change on fish and fisheries raise
many concerns. Recreational and commercial fisheries not only
contribute substantially to the Australian economy (e.g. Henry
and Lyle 2003; Norman-Lopez et al. in press), but are also
socially and culturally important (Rowland 2005). Recreational
angling (marine, freshwater and estuarine) is an important
leisure activity in Australia, with an annual participation rate
of ,19.5%, a rate higher than for the rest of the world (Henry
and Lyle 2003; Cooke and Cowx 2004). Australia’s freshwater
fishes and their habitats, in particular, have suffered consider-
able declines in many regions (see Morrongiello et al. 2011a;
Pratchett et al. 2011), with many species now being of conser-
vation concern (Lintermans 2010) and populations in need of
rehabilitation (Murray–Darling Basin Commission 2004).
Changes to water flows on land can also affect estuarine and
inshore marine fisheries (Gillanders et al. 2011) and cause
fishers to change their fishing behaviour (e.g. use different
methods, target different species).
Compared with the rest of the world, Australia has a small
population and extensive access to marine resources (Hobday
et al. 2008). These resources are increasingly being managed to
ensure long-term sustainable use. However, climate changemay
significantly reduce sustainability and viability of aquatic
populations, thereby undermining existing management struc-
tures. Climate change may also have an impact on the economic
wealth, food security and political stability of neighbouring
countries, which is of concern to Australia. In tropical island
nations, fish and fisheries contribute substantially to subsistence
and market-based economies. For several of the smaller Pacific
island countries and territories (PICTs), fish is their most
important renewable resource, with tuna stocks a particularly
valuable asset (Bell et al. 2009). Fish consumption in many
countries is remarkably high; national consumption of fish in six
PICTs in Micronesia and Polynesia was at least twice the level
needed to supply ,50% of the recommended protein require-
ments. In another five countries, national fish consumption was
close to, or well in excess of, the 34–37 kg per year needed for
good nutrition (Bell et al. 2009). This reliance on fish is largely
due to limited options for agriculture or alternative sources of
protein in these small island nations. Thus, maintaining the local
supply of seafood in these countries is important for economic
and social health (Bell et al. 2011).
The biological impacts of climate change will undoubtedly
vary among populations, species and ecosystems, but there is not
yet sufficient information (nor the harnessing of existing infor-
mation) to establish clear hierarchies in the vulnerabilities of
species to global climate change. The absence of this informa-
tion is a major impediment to prioritising species conservation
actions and for maximising sustainability and resilience of
fisheries sectors faced with current and future climate change
(Pratchett et al. 2011). The objectives of the present paper are
five-fold. First, we provide a brief overview of the effects of
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Fig. 1. Key physical impacts of climate change on aquatic ecosystems. Arrows indicate general direction of influence.
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climate change on aquatic systems, especially in Australia;
second, we document the major environmental changes that
have been observed and are projected to occur; third, we
consider the impacts to Australian freshwater, estuarine and
marine fishes and fisheries, considering their vulnerability to
both direct and indirect effects; fourth, we consider the socio-
economic dimensions of fish and people; and finally, we explore
adaptations to climate change, including major research needs
and required management actions. This review is based on the
plethora of recent studies that have considered potential effects
of climate change in aquatic ecosystems as well as the work
presented in this Special Issue and other presentations at the
Climate change and the aquatic environment: the future for fish
and fisheries symposium held in Melbourne by the Australian
Society for Fish Biology in 2010 (Koehn 2011).
Effects of climate change on aquatic ecosystems
Freshwater and estuarine ecosystems
Freshwater and estuarine ecosystems are among the most
affected by climate change (Pittock et al. 2008) because changes
in both the quality and quantity of water affects habitat structure,
nutrient loading and transport of materials and organisms.
Variation in river flows over time greatly influences habitat
patches (Thorp et al. 2006) and one of the impacts of climate
change will be the rise in extreme events (e.g. floods, storms,
severe droughts), causing shifts in the timing, frequency, dura-
tion and magnitude of hydrological events (Bates et al. 2008).
Changes in flow dynamics resulting from climate change will
therefore profoundly affect riverine habitats and the fishes that
depend on them (Walker et al. 1995; Meyer et al. 1999; Aldous
et al. 2011).
Australia is a large, flat (15m to 2229m asl) continent of
7.6 million km2, covering a latitudinal range of 108410S to
438380S, and spanning climatic zones from tropical to temperate,
with an immense arid interior and a wide range of habitat types.
Rainfall over much of the continent is sporadic and river flows
are the most variable in the world (Walker 1986), having a
strong influence on freshwater and estuarine systems. Despite a
relatively low diversity of freshwater fishes, Australia has high
levels of endemism (Allen et al. 2002; Pusey et al. 2004), with
many species needing careful conservation consideration
(Lintermans 2010). Many Australian rivers are already affected
by a range of other threats that have reduced and fragmented
many fish populations (Morrongiello et al. 2011b; Pratchett
et al. 2011). Increasing degradation of Australian freshwater
systems will therefore lead to species extinctions, not just
localised extirpations, and climate change may exacerbate
existing impacts, including reducing the suitability of remnant
or refuge habitats and the connectivity between them (Morron-
giello et al. 2011b). Changes to species’ distributions are
predicted, although a paucity of high mountains in Australia
limits any possible altitudinal shifts for upland freshwater fish
species as waters warm; the disconnected nature of catchments
coupled with in-stream barriers further limit such range changes
(Bond et al. 2011).
Changes to flow regimes may also have an impact on
ecological processes such as ecosystem productivity and con-
nectivity, and ultimately, on fish survival, growth and
reproduction. Xenopoulos et al. (2005) suggested that 75% of
freshwater fish throughout the world will become extinct
through part of their range by 2070 because of reduced river
discharges. Declines in precipitation and inflows, combined
with increasing evaporation, will also reduce lake levels
(Carpenter et al. 1992; Hughes 2003). The possible effects of
climate change on lake ecosystems (see Jackson 2011; Naithani
et al. 2011) has received little attention in Australia and this
needs to be addressed as the impacts may be significant (see
Morrongiello et al. 2011a). Freshwater flows through to estua-
rine and marine environments are also critically important for
several species and fisheries (Gillanders and Kingsford 2002;
Gillson 2011). Changes to river flows, however, cannot be
viewed in isolation from other threats; in particular, such
impacts must be linked to the rates of water extraction for
agricultural irrigation, a major existing stressor to many
river systems (Murray–Darling Basin Commission 2004;
Morrongiello et al. 2011b; Pratchett et al. 2011) and one that
will continue to be exacerbated by climate change.
Although estuaries are critical transition zones linking fresh-
water and marine habitats, they are some of the most degraded
habitats on Earth (e.g. Jackson et al. 2001; Beck et al. 2011).
Estuaries are differentially influenced by river, tide and wave
dynamics, thereby affecting not only the form of the estuary but
also water flow, nutrient cycling and ecosystem processes
(Turner et al. 2004; Gillanders et al. 2011). Estuaries are,
therefore, likely to be affected by the variables that influence
both freshwater and marine systems. Potential impacts within
estuaries may be harder to predict than those for marine systems,
given the diversity of estuarine types, complex interactions and
the need to downscale to finer-scale regional models. For
example, changes to carbon cycling in estuaries may be
expected through global changes, as well as changes to fresh-
water input, particularly in river-dominated systems (Jiang et al.
2008).
Trends in estuaries may also differ from those in marine
systems. For example, salinity may increase in estuaries as
freshwater flow decreases and evaporation increases through
increased temperatures, although patterns may also depend on
the impact of marine processes such as storm surges. Estuaries
are highly productive systems (Beck et al. 2001), supporting not
only resident fish but also species that spend time in estuaries for
periods of their development or migrate through them to fresh-
or saltwater (Elliott et al. 2007). Reduced river discharges may
mean that fewer freshwater fish use estuaries. There may also be
increased use of estuaries by marine stragglers and migrants
(Elliott et al. 2007), although this will depend on how marine
processes influence estuarine mouth morphology and whether
there are continued connections between estuarine and marine
waters. Estuarine species are typically able to tolerate a wide
range of salinities; impacts on such species may depend on how
high salinity levels reach.
Marine ecosystems
Marine ecosystems play a pivotal role in regulating the global
climate, but are themselves sensitive to global climate change
(Hoegh-Guldberg and Bruno 2010). The most striking effects of
recent climate change recorded globally for marine ecosystems
1150 Marine and Freshwater Research J. D. Koehn et al.
include (1) rapid declines in the spatial extent of Arctic sea ice
(Wang and Overland 2009), (2) increasing loss of habitat-
forming species (e.g. corals, giant kelp, seagrasses and man-
groves) across many important coastal habitats (e.g. Short and
Neckles 1999; Hoegh-Guldberg et al. 2007), (3) declines in
ocean productivity (Behrenfeld et al. 2006; Polovina et al. 2008)
and (4) shifts in the geographic distributions and latitudinal
ranges of marine organisms (e.g. Perry et al. 2005; Last et al.
2011). These changes are caused or exacerbated by ubiquitous
increases in surface temperatures across the world’s oceans,
increases in the amount of CO2 dissolved in the ocean, and
associated changes in the frequency and intensity of physical
disturbances, sea-level rise, and changes in the position and
strength of ocean current systems (Hoegh-Guldberg and
Bruno 2010).
Ocean warming has been most pronounced in polar oceans,
where temperatures have increased atmore than twice the global
average. As a consequence, the spatial extent of Arctic sea ice
has declined by 42 000 km2 per year since 1979, and has been
projected to disappear completely by 2037 (Wang and Overland
2009). Absolute temperature changes have been lower in tropi-
cal waters (typically ,28C increase), but have still had signifi-
cant impacts because of the extreme temperature sensitivities of
some key habitat-forming and foundation species (Hoegh-
Guldberg et al. 2007). Scleractinian corals, for example, func-
tion exceedingly close to their upper thermal limit, whereby
bleaching and death may occur when sea temperatures exceed
normal local limits by as little as 1.08C (Jokiel and Coles 1990).
Consequently, coral reefs, together with polar ice caps, are
regarded as the ecosystems most vulnerable to the sustained
and ongoing impacts of global climate change (Walther et al.
2002). Corals, especially reef-building scleractinian corals, are
fundamental to the functioning of coral-reef ecosystems, con-
tributing to primary production, nutrient recycling and reef
growth (Hoegh-Guldberg 2004). Removal or destruction of
corals profoundly alters the structure and dynamics of coral-
reef habitats, leading to catastrophic declines in the abundance
of many reef-associated fishes, with further consequences for
productivity and ecosystem function (e.g. Wilson et al. 2006;
Munday et al. 2008; Pratchett et al. 2008).
Further effects of climate change on ocean-wide productivity
are expected to result from large-scale changes in climatic
conditions and ocean circulation. Previous climatic events, such
as El Nin˜o, have had major effects on the distribution or
productivity of exploited fish populations (Lehodey et al.
1997; Worm et al. 2005; Ottersen et al. 2006), leading to
widespread concern about future effects of global climate
change (Brander 2007). Although there is considerable uncer-
tainty about the effects of climate change on global fisheries
production (Brander 2007), there is likely to be a major
redistribution of fisheries productivity associated with shifts in
climate envelopes and resultant geographical redistribution of
key fisheries species (Cheung et al. 2010; Hobday 2010). Along
with evidence of climate-related shifts in the distribution of
marine fishes (e.g. Perry et al. 2005; Booth et al. 2011; Last et al.
2011), fisheries production in the tropics has been projected to
decline by 40%, yet increase by a corresponding amount in high
latitudes, as a result of large-scale redistribution of species
(Cheung et al. 2010).
Climate change: documented changes and future
projections
Global climate change is already having an impact on
Australia’s aquatic environments, with evidence for global and
regional warming both on land and in coastal waters (Lough and
Hobday 2011). The climate system appears to be changing faster
than thought earlier (Steffen 2009). Observations indicate that
there has been an increase of ,18C in the north and .28C in
southernAustralia. Australian sea levels between 1990 and 2009
rose 1–3 cm decade1 in the south and east and 7–10 cm
decade1 in the north and west (Lough and Hobday 2011).
Rainfall has decreased in many areas although there is large
spatial variation. El Nin˜o/La Nin˜a–Southern Oscillation events
lead to large variability in coastal water temperatures and river
discharges, with eastern Australian river discharge being most
sensitive to these events. However, the high variability of
Australian river flows (Walker 1986), together with a lack of
collated data, complicate projections in freshwater systems
(Lough andHobday 2011). Climate-change strategies need to be
undertaken at the basin-scale, and few river basins have ade-
quate models to guide this management (Aldous et al. 2011).
Understanding past changes, aswell as the degree of certainty
surrounding projected changes in key environmental parameters
(e.g. temperature, rainfall,wind and current speeds), relies on the
availability andquality of appropriate climate data.Australia has
manyhigh-quality, consistent andongoing records of land-based
weather elements, enabling detection and, in some cases, attri-
bution of recent trends in air temperatures and rainfall (Lough
and Hobday 2011). Equivalent data are largely lacking for
marine and, especially, estuarine and freshwater ecosystems.
Much of the data relating changing oceanographic patterns in
marine environments come from just four coastal monitoring
sites that have been maintained for over 60 years (Thompson
et al. 2009). This provides significant insights into both physical
and chemical changes in the local marine environment
(Thompson et al. 2009), but leaves considerable uncertainty
regarding the generality of these results across different regions
(Lough and Hobday 2011). For Australia’s freshwater ecosys-
tems, there is considerable data on physical, chemical and
biological parameters extending back to the early 20th century
(e.g. river flows); however, there has not been any uniform,
coordinated approach to data collection that might enable reli-
able spatial and temporal contrasts (Bond et al. 2008; Lough and
Hobday 2011). By combining current datasets and historical
perspectives (including palaeoclimatic reconstructions), it is
clear that we are already in an era of rapidly changing climate.
Although data for inlandwaters are less definitive, there is strong
evidence for changes in rainfall and river flows (Lough and
Hobday 2011).
Climate models can be used to help develop scenarios to
direct potential adaptation options for management responses
to climate change. There has been a range of models used to
produce updated projections on emissions and climate-change
scenarios (e.g. IPCC 1995, 2001, 2007; Moss et al. 2010).
Because climate change is non-stationary and we are in the
realm of new data ranges compared with historical patterns,
some uncertainty in projections is to be expected. There is, of
course, also variation in model projections (even for the same
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scenario) so model validation and refinement becomes an
essential step (Hobday and Lough 2011).
Climate models project that sea-surface temperatures (SST)
will rise by asmuch as 2.58Cby 2050 in south-easternAustralian
coastal waters, with winter warming slightly stronger than
summer warming. In other coastal regions of Australia, warm-
ing is projected to be 1–1.58C by 2050, with the exception of the
Bonney Upwelling region (Robe, South Australia to Portland,
Victoria), where the rate of warming is projected to lag behind
the global average. On land, continuing trends of reduced
freshwater flow during ElNin˜o years and enhanced flows during
La Nin˜a years are projected (Ward et al. 2010). Rainfall
projections for 2030 show differences across the continent, with
up to 10% less annual rainfall in south-eastern Australia, up to
20% less annual rainfall in south-western Australia, up to 10%
more summer rainfall on the eastern coast, up to 10% more
autumn rainfall inland, heavier rainfall where average rainfall
increases or decreases slightly, and an increase in the intensity of
tropical cyclones (Hobday and Lough 2011).
Different types of ecological models can be used in combi-
nation with climate models to project changes to fish and
fisheries (Fulton 2010; Bond et al. 2011; Plaga´nyi et al.
2011). These ecological models can focus on individual species
to assess carrying capacity, reproductive potential, larval settle-
ment and spatial distribution, or focus on populations to predict
productivity and spatial distribution. Multi-species and ecosys-
tem models can be used to investigate species replacement,
dependent predator species and shifts in community composi-
tion. Models that include fishers (and thus economic, social and
cultural considerations) can be used to project the income and
employment effect of these ecological changes to the commu-
nity, whereas end-to-end models incorporating these previous
elements and management systems can be used to assess the
adaptability of overlying governance structures (Fulton 2010;
Plaga´nyi et al. 2011).
Climate-change impacts on fishes
We classified the range of direct and indirect effects that climate
changewill have on freshwater, estuarine andmarine fishes, fish
populations or fisheries (Roessig et al. 2004; Munday et al.
2008; Pratchett et al. 2009) into primary, secondary and tertiary
categories. Primary impacts are climate-related changes that
directly affect the behaviour, physiology, fitness and survivor-
ship of fishes via a ‘one-step’ process. Temperature, for exam-
ple, exerts amajor influence onmetabolic processes for virtually
all organisms, and increasing temperatures may directly change
growth, reproduction and development of fishes (Pankhurst and
Munday 2011). Secondary impacts mostly relate to changes in
the quality or quantity of habitats, which indirectly affect fishes
(via two steps). Such impacts include climate-induced degra-
dation of coastal habitats (e.g. Pratchett et al. 2008, 2011),
declines in nutrient delivery and availability (Behrenfeld et al.
2006), and reduced amounts of water in freshwater and estuarine
habitats, which affect the local abundance and biomass of
fishes. We define tertiary impacts as those that may occur as a
result of several factors (see Balcombe et al. 2011) or involve
multiple (two or more) steps, often with complicated feedbacks,
causing unanticipated outcomes (sensu ‘ecological surprises’;
e.g. Williams and Jackson 2007). Tertiary impacts may also
involve combinations or permutations of many factors, which
may be difficult to identify or resolve, andmay take an extended
period to become apparent. Direct and indirect impacts may
affect different species and life stages differently (e.g. primary
impacts on larval development, tertiary and secondary impacts
on adult habitats). We acknowledge that there are links among
primary, secondary and tertiary impacts, and that alternative
considerations to classify diverse direct and indirect effects of
climate change exist; our goal in using these categories is to
recognise the different types and complexities of these impacts
and to ensure that they are not neglected but are considered to
guide development of research supporting robust management
options.
Primary impacts
Temperature is one of the most fundamental variables affecting
the lives of fishes. Being ectotherms, fish are subject to tem-
perature effects on their physiological condition, development,
growth rates, reproduction and behaviour (Po¨rtner and Farrell
2008). Increasing temperature will affect species differently,
depending on whether they are at the extremes of their distri-
bution and temperature tolerance. Fish occupy thermal prefer-
ence windows that are much narrower than their thermal
tolerance range (Pankhurst and Munday 2011). Climate change
will lead to rising water temperatures, changing seasonal tem-
perature profiles and higher maxima and minima, and there are
many inhibitory effects on fish that may occur as a result of
changed temperatures. Additional environmental stress can
activate a physiological stress response leading to an internal
coping strategy such as reproductive inhibition, which may
divert energy from growth and reproduction to maintenance.
Although this applies to fish in the wild, fish raised in aqua-
culture may also be exposed to altered thermal regimes,
resulting in changes to growth and production (Pankhurst and
Munday 2011).
Aside from affecting population size and dynamics, changes
in temperature may also change phenology (Walther et al.
2002). Photoperiod and temperature are commonly viewed as
the primary environmental determinants of reproductive devel-
opment (Bromage et al. 2001), with acute temperature changes
stimulating reproductive development in tropical and temperate
species (Hilder and Pankhurst 2003; Pankhurst and King 2010).
Thermal preference windows vary among species and environ-
ments and among life stages, with early life-history stages and
reproducing adults being especially sensitive. Consequences
include alterations to timing of spawning, reduced spawning and
reproductive output, reduced egg size, size at hatching, devel-
opmental and feeding rates, number and quality of offspring,
and swimming performances (especially for larvae), hence
governing population dynamics and sustainability (Gaines
et al. 2007; Po¨rtner and Farrell 2008; Donelson et al. 2010;
Pankhurst and Munday 2011). Higher temperatures can cause
accelerated development, with faster larval development and
shorter larval duration, resulting in either higher survivorship or
greater susceptibility to starvation because of higher metabolic
rates that require more food and almost constant feeding. This
can result in more variable recruitment (Munday et al. 2009;
Donelson et al. 2010).
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Changes in seawater chemistry (acidification) associated
with increasing CO2 concentrations (Doney et al. 2007) pose a
major problem for calcifying organisms (Orr et al. 2005),
although high pCO2 in water can also affect acid–base balance
(acidosis) for non-calcifying organisms (Connell and Russell
2010). Fish are generally good at regulating their acid–base
balance, although early life-history stages may be highly sus-
ceptible to acidosis because they have a large surface area to
volume ratio. Unexpectedly, elevated CO2 concentrations have
also been shown to affect larval sensory ability and behaviour,
leaving larvae unable to discriminate between ecologically
important chemical cues and potentially resulting in higher
predation rates (Munday et al. 2009). This highlights the
potential for discovery of more ecological surprises with further
research into the effects of climate change in aquatic
ecosystems.
Few studies have investigated the effects of elevated pCO2
on estuarine organisms, especially for non-calcifying organ-
isms. Estuarine environments may be more susceptible to
reduced pH because they are shallower, less saline and have
lower alkalinity than marine waters (Miller et al. 2009). In
addition, there may also be other sources of CO2 compared with
marine waters (Miller et al. 2009). Estuarine fish species live in
complex and dynamic environments that are influenced by
varying salinities that result from the mixing of marine and
freshwater. Salinity affects the metabolism of fish through
influences on osmoregulation and oxygen consumption, with
extremes of salinity and rapid changes causing stress. The
spatial distribution of fish along estuaries can indicate the
tolerable salinity range of species. The Coorong estuary in
South Australia provides a clear indication of how salinity
may affect fish distribution because it ranges in salinity from
fresh–brackish water in Lake Alexandrina through to extreme
hypersalinity at the southern end (Gillanders et al. 2011). Only
one species of fish (small-mouth hardyhead, Atherinosoma
microstoma) is found in the most hypersaline waters, whereas
a combination of estuarine and marine species is found near the
Murray mouth (Noell et al. 2009).
A variety of other primary impacts has affected or is
projected to affect marine fishes, including changes to currents
(Poloczanska et al. 2007) and timing of seasonal upwelling
(Nieblas et al. 2009). As for the previously discussed impacts,
these can affect several life stages, from larvae to adults, in their
feeding, migration, adult reproduction and larval dispersal.
Similar impacts from changing flows are expected in freshwater
and estuarine environments, particularly for diadromous and
other migratory species. For example, the distances that larval
riverine fish can drift depend on the flow at the time, and hence,
this distance may be greatly reduced with lower flows (Koehn
et al. 2004).
Research on primary impacts is needed to improve the
performance of models that predict the future distribution or
abundance of fish species (e.g. Robinson et al. 2011). Experi-
mental approaches may be appropriate in many cases for
determining tolerances for drivers such as temperature or
salinity; however; they limit the number of species that can be
considered. The performance of different life stages is also an
important consideration, because bottlenecks may occur at
fertilisation or during larval development. Managers might need
projections of future primary variables to evaluate adaptation
options; however, some variables (e.g. temperature and rainfall)
are more readily available than others (e.g. runoff and pH)
(Hobday and Lough 2011).
Secondary impacts
The most immediate effects of climate change for many fishes
will be caused by changes in availability, structure and con-
nections of critical aquatic habitats (Pratchett et al. 2011).
Climate-induced changes to habitat structure have already been
recorded in many aquatic ecosystems, where they have had
significant effects on both abundance and diversity of fishes
(Swales et al. 1999; Wilson et al. 2006; Pratchett et al. 2008).
Changes to habitats will result from increasing temperature
(Hoegh-Guldberg et al. 2007), increased severity of tropical
cyclones (Madin and Connolly 2006), changes in the amount,
seasonality, or patterns of rainfall and subsequent streamflow
(Bates et al. 2008; CSIRO 2008), sea-level rise (Short and
Neckles 1999), and/or changes to ocean circulation and current
patterns (Munday et al. 2009). Each of these factors is likely to
have specific effects in different ecosystems and their relative
importance will vary by habitat (Tables 1, 2).
In coastal habitats, key habitat-forming species (e.g. sea-
grasses, coral and kelp) are sensitive to a wide range of
environmental changes resulting from climate change, includ-
ing changes in temperature, salinity, water clarity and nutrient
loads, elevated CO2 concentrations and ocean acidification, as
well as the frequency and/or severity of disturbance from
cyclones and storm events (e.g. Hughes et al. 2003; Harley
et al. 2006; Waycott et al. 2007; Russell et al. 2009). Seagrass
beds and kelp forests are facing extensive degradation and loss
throughout the world, mostly as a result of eutrophication and
sedimentation (Connell et al. 2008; Gorman et al. 2009;
Waycott et al. 2009), or increases in the local abundance of
destructive herbivores (Steneck et al. 2002). Sensitivity of these
habitat-forming plant species to chronic disturbances is also
exacerbated by physiological stress associated with increasing
temperatures (Steneck et al. 2002; Waycott et al. 2009). The
most devastating effects of climate change on coral reefs have
been large-scale and severe episodes of coral bleaching, result-
ing from high sea surface temperatures (Goreau et al. 2000).
Effects of increasing temperature on coral-dominated habitats
will also be further exacerbated by ocean acidification (Hoegh-
Guldberg et al. 2007), which reduces coral growth and increases
susceptibility to coral bleaching.
In freshwater systems, changes to flow will have major
effects on habitat structure (Walker et al. 1995). In south-eastern
Australia, for example, reductions in freshwater flows as a result
of climate change (Van Dijk et al. 2006; CSIRO 2008) will
exacerbate the existing declines in the distribution and abun-
dance of native fish species attributable to water retention,
diversion and extraction (Gehrke and Harris 2000), as exempli-
fied during the recent ‘millenium’ drought (2003–2010) (Bond
et al. 2008, 2011; Murphy and Timbal 2008; Timbal and Jones
2008). Coupled with increasing water demands by human
societies, climate change will put increasing pressure on envi-
ronmental flows critical for sustaining freshwater habitats.
Other potential effects include decreases in the frequency and
magnitude of floodplain inundation, leading to increased
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salinity, altered sediment and nutrient delivery, anoxic episodes,
and increased incidence of algal blooms (Van Dijk et al. 2006)
and high concentrations of other chemicals such as polyphenols
(Morrongiello et al. 2011c). Many river systems that already
suffer from high salinities will be further affected by low flows
and reduced flushing events. Reduced flows will have an impact
on connectivity between the main river and floodplain habitats
and this may then have impacts on fish species that use both
riverine and floodplain and/or wetland habitats (e.g. spangled
perch, Leiopotherapon unicolor; Pusey et al. 2004).
The greatest effect of climate change on intertidal habitats
(including mangroves and salt marshes) is expected to arise as a
result of increasing sea levels. Sea-level rise will lead to a
redistribution (where possible) of intertidal and shallow coastal
habitats, as well as increased seawater intrusion into estuaries
and rivers (Short and Neckles 1999). However, development
and modification of coastal habitats has introduced physical
barriers to landward migration of wetlands along much of
Australia’s coastline (Lovelock and Ellison 2007), leading to
contractions in habitat area (Doody 2004). The loss of tidal
wetlands has significant ecological and geophysical impacts,
including destabilisation of coastal shorelines and sediments,
increased contamination and eutrophication of coastal ecosys-
tems, leading to lower productivity. Moreover, these habitats
often sustain unique assemblages of fishes as well as many other
important species such as migratory shorebirds (Valiela et al.
2009). Many commercially important fish species may also use
these habitats for their juvenile development (Beck et al. 2001).
Secondary impacts of climate change on estuarine fishes may
occur through changes in connectivity between either estuarine
and freshwaters or estuarine and marine waters. For example,
lowered freshwater input may reduce flushing of estuarine
mouths such that they remain closed for longer. Closure of
estuarine mouths may prevent fish movement between estuaries
and marine waters and potentially affect species that need to
move to marine waters to breed or those that use estuaries for
juvenile development (Gillanders et al. 2011).
Tertiary impacts
Tertiary impacts of climate change are less easily defined than
are primary (direct) and secondary (indirect) effects; however,
they arise from multiple changes, species or habitat interactions
or impacts caused by consequent socio-economic changes.
Tertiary impacts are complicated by the many attributes, com-
binations or permutations of factors that may be affected (see
Balcombe et al. 2011; Bond et al. 2011; Pratchett et al. 2011),
are less predictable and are the impacts that we are least aware of
or prepared for. Stressors other than climate change may also be
important, such as fishing, agriculture, coastal development,
habitat degradation and water storage and extraction. The range
of impacts, their variable time frames, complexity of interac-
tions and the uncertainty of outcomes mean that tertiary impacts
will be difficult to predict andmanage. These impacts, however,
are likely to be more prevalent in marine and estuarine systems
where the interactions with population and land-use pressures
are the most evident (Tables 1, 2).
As yet, there are few quantified examples of tertiary climate-
change effects on fishes. Therefore, we mention only potential
impacts, in part to challenge the research and management
communities to think beyond the direct primary impacts and
secondary habitat impacts. One example is the climate-mediated
arrival of a new sea urchin species to Tasmania that has led to
disruption of ecosystem structure and a decline in abundance of
other species, including fish (Ling et al. 2009). Range expan-
sions of other species, either alien or native to other regions of
Australia, may be able to occupy new habitats (see Bond et al.
2011; Booth et al. 2011), leading to unanticipated ecosystem
impacts (e.g. Sorte et al. 2010). In terrestrial systems, increased
fire frequency as a result of drier and hotter conditions may lead
to changes in sedimentation inputs to freshwater systems, and
subsequent habitat and species impacts (Morrongiello et al.
2011b). There are considerable interactions between water
temperature, salinity, flows and dissolved oxygen and nutrients
that can affect marine and freshwater habitats and species, with
increases in anoxia recently recognised as climate-related phe-
nomena (e.g. Brewer and Peltzer 2009). This is most evident
when fish kills occur (e.g. Koehn 2005) but non-critical effects
may go less noticed.
Understanding and predicting tertiary impacts is likely to be
facilitated through modelling approaches rather than through
experimental manipulations, because of the spatial scale, time
lags before the impact is realised, and synergistic effects
(Plaga´nyi et al. 2011). Discussion of potential impacts when
developing model scenarios should be wide-ranging, because
ecological surprises may come from outside the traditional
sphere (Fulton 2010). Long-term monitoring as part of under-
standing tertiary impacts will also be important for both histori-
cal insight and model validation (Brander 2010), although
attribution may be difficult. Different ecosystems and their
components have different values that will be affected by
different climate-change drivers, with different resultant
impacts. These impacts need to be gauged in light of other
existing and future potential stressors (Table 2), so that appro-
priate management decisions can be made.
Climate change, fish and people
Climate change affects people, livelihoods, social and physical
wellbeing, cultures, and traditional and subsistence fisheries,
causing considerable social impacts (Allison et al. 2009; Bell
et al. 2009). Social changes can lead to additional changes
beyond fishes, their habitats and fisheries. Understanding
human decision-making entails more than just understanding
economics, and links the impacts on land and its people to those
of the fishery. Indeed, many of the poorest people may be those
most at risk (Allison et al. 2009; Plaga´nyi et al. 2011). Although
biology-based modelling approaches and predictions are
included in many papers in this Special Issue, Plaga´nyi et al.
(2011) advocate an holistic approach to modelling ecosystems
and their dependant Australian and Pacific communities.
In Australia, dependence on fish and fish-derived income is
low compared with the regional neighbours. The implications of
climate change for fisheries and aquaculture in the Pacific
Community (Melanesia, Micronesia and Polynesia) must be
overlaid on the regional changes that are already occurring and
the role of fisheries and aquaculture in the lives of the people
(Bell et al. 2011). Key drivers of change in the Pacific
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Community are as follows: population growth and urbanisation,
governance and political stability; global economic conditions;
status of fisheries in other oceans; markets and trade; fuel costs;
technology and innovation; foreign aid; and climate change.
Government roles in these areas include management of fisher-
ies and aquaculture, maintaining food security and livelihoods,
and management of government revenue and economic growth.
It is important to determine the vulnerability of these roles to
climate change and other major drivers and adapt them to
maintain the benefits of fisheries and aquaculture. For example,
determining how much fish will be needed for future food
security (per capita fish consumption), how many livelihoods
fish resources and aquaculture can sustain (% coastal house-
holds selling fish), and how tuna can best contribute to govern-
ment revenue and economic growth (government revenue and
GDP) are all key factors (Bell et al. 2011) thatmust be integrated
into predictive climate-impact models (Plaga´nyi et al. 2011).
One of the key stressors to freshwater and estuarine ecosys-
tems (although these can also affect inshore marine ecosystems)
is the extraction or diversion of river flows for domestic or
agricultural use. This is particularly prevalent in south-eastern
Australia such as in theMurray–Darling Basin (Murray–Darling
Basin Commission 2004; Pratchett et al. 2011). A drier climate
will place greater need for this scarce resource, although it may
also cause changes to crop selection, irrigation practices, envi-
ronmental water allocations and rural population demographics.
Little consideration has been given to the impact of climate
change on recreational activities (e.g. Hadwen and Bunn 2004;
Ligare et al. 2011) and such assessment is needed for recrea-
tional angling in Australia. Recreational anglers may change
fishing locations or the species targeted (e.g. from cold-water
salmonids to warm-water native species), resulting in changes to
population take rates.
Finally, many of the non-climate drivers that have negative
impacts on fish are a result of human population growth. Thus,
there may be a need to consider spatial and temporal variation in
human populations and their likely responses to their world
caused by changes in climate. Although this research area may
be beyond the traditional remit of ‘fish’ scientists, partnerships
with social scientists will enrich our understanding beyond
biological impacts and will be critical in the design of effective
adaptation options.
Adapting to climate change
Mitigation of climate change (e.g. reducing atmospheric levels
of greenhouse gas and cutting overall emissions) is a significant
global challenge, whereas adaptation (adjustment in natural or
human systems) will be essential to minimise effects of climate
change at more local scale. Adaptation in natural (e.g. changes
to fish and the ecosystem) and human (e.g. changes to fishers,
processors, divers, communities) systems can be autonomous
(¼ passive) or directed (¼ active). Both types of adaptation will
be important for the species and the humans thatmanage, exploit
and rely on them. For example, plasticity in biological response
underpins autonomous adaptability in many species, and
autonomous changes to human communities and socioeconomic
systems will also occur, given the historical flexibility of human
populations.
Autonomous adaptation may not be sufficient to cope given
the magnitude of the projected change, the unprecedented rate
of that change, and the additional stressors that natural and
human systems encounter. Thus, there is a critical need to
undertake directed adaptation actions that may reduce or delay
climate impacts, or provide opportunity for more autonomous
adaptation, and it is directed adaptation that we consider in
detail in this section. Directed adaptation strategies should aim
to increase the flexibility in management of vulnerable species
and ecosystems (Hulme 2005) and build adaptive capacity in
human systems (e.g. Marshall 2010). The range of potential
directed adaptation strategies differ in scale of intervention for
both human (e.g. CSIRO 2011, Chapter 7) and natural systems
(e.g. Dawson et al. 2011). In natural systems, for example, the
least dramatic adaptation options include improving existing
management, whereas the most dramatic options include
assisted migration and ex situ conservation (Dawson et al.
2011).
Although multi-species or ecosystem management may be
preferred, there is often an imperative to manage individual
species (e.g. species of conservation concern). One method for
setting species priorities is to assess their vulnerability to
climate-change impacts by considering the biological attributes
of species relating to resistance (ability to withstand) and
resilience (ability to recover). Such considerations have been
necessitated for freshwater fishes in south-eastern Australia as a
consequence of the recent drought, with species such as the
barred galaxias,Galaxias fuscus, deemed highly vulnerable and
at the greatest risk, whereas others such as golden perch,
Macquaria ambigua, being considered less so (see Crook
et al. 2010). Species, habitats or ecosystem components could
be assessed and prioritised in thisway (Fig. 2), remembering that
their vulnerability may also be affected by other existing or
predicted stressors. Such traits, together with the exposure to
climate-change impacts need to be examined before appropriate
(possibly directed) adaptation options are explored. In cases
where the anticipated climate change is low and vulnerability is
low, existing, passive management approaches may be appro-
priate (Fig. 3). When the anticipated change is high and the
species is more vulnerable, more urgent, directed, active man-
agement efforts may be needed to ensure suitable outcomes.
Such management is more likely to be applied to individual
species, populations or sites and, in some cases, suboptimal
decisions made on a range of social and economic grounds may
be required (e.g. prohibitive costs to maintain some species in
the wild).
Existing management of natural systems can be improved by
consideration of future biological change. For example, projec-
tion of species’ future range and abundance changes would
enable strategic directed adaptation and planning of manage-
ment responses in fisheries. If the primary relationship is known,
management can also track changes in the physical variables
and manage against this change. Although single-species
(e.g. Robinson et al. 2011) and multi-species models are impor-
tant in generating these projections, ecosystem and end-to-end
models that include economic, social and human-learning com-
ponents that provide procedure frameworks (with their feedback
loops) are considered the most useful tools to develop and
test adaptation options in response to changes in fish stocks
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(Fulton 2010; Plaga´nyi et al. 2011). Unfortunately, thesemodels
often need data on a broader suite of species, which is not always
available, although input and participation by fishers can help to
offset this shortcoming (Plaga´nyi et al. 2011). It is important to
remember that the future will be different from the past; hence,
projectionsmay be difficult tomake and have varying degrees of
uncertainty. Any adaptation option should be robust to this
uncertainty (Hobday et al. 2008).
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Intermediate directed adaptation options to improve the
coping ability of natural systems include habitat restoration,
particularly for freshwater (e.g. Murray–Darling Basin Com-
mission 2004; Nicol et al. 2004) and coastal (e.g. Levin et al.
1996) systems, and habitat enhancement, such as artificial
habitat creation for marine systems (e.g. Davis 1995; Abelson
2006) (Fig. 3). Enhancement of native populations, via releases
of captive-bred individuals, is also another intermediate strategy
(e.g. Lorenzen et al. 2010), although these release options are
not without their own constraints (e.g. Meffe 1992; Lorenzen
et al. 2010). Importantly, there is a significant cost associated
with restoration of aquatic environments, such that established
intervention strategies developed for restoration following
small-scale disturbances (e.g. ship groundings; Jaap 2000) will
be prohibitively expensive to scale-up and effectively address
regional and global effects of climate change.
Existing management approaches suffice for some species
whose natural dispersal mechanisms are adequate for them to
adapt and move with environmental changes, whereas for
others, the rates of change to habitats caused by climate change
may be too rapid or extreme. One of the more controversial
management actions suggested for the survival of threate-
ned species is that of ‘assisted migration’ or ‘translocation’
(e.g. Hoegh-Guldberg et al. 2008; Dawson et al. 2011).
Although potentially necessary to ensure survival of individual
species, extensive movement of threatened species may jeopar-
dise the local diversity and ecosystem function of recipient
regions (Davidson and Simkanin 2008; Minteer and Collins
2010). Concerns have been raised as to why, when, where, what
and how such actions may be undertaken (Richardson et al.
2009; Minteer and Collins 2010). Suchmovements, if they were
to occur, should be undertaken within robust, transparent pro-
tocols that can determine whether such actions are feasible, will
meet defined objectives and are economically efficient, ecolog-
ically safe and socially acceptable (e.g. Richardson et al. 2009;
Olden et al. 2011).
One areawhere assistedmigrationmay be a legitimate option
is for native freshwater fishes that are in vulnerable, isolated
habitats, with little chance of successful migration to other
habitats (Olden et al. 2011). One such example may be the
critically endangered barred galaxias that survives in isolated
populations in small upland tributaries of the Goulburn River
catchment in south-eastern Australia. The species requires cool
water temperatures and is at great risk from predation by
introduced trout (Salmo trutta and Oncorhynchus mykiss) in
the lower river reaches. The catchments of many of the remain-
ing populations have been badly affected by recent bushfires,
with severe impacts on habitat quality. Fish from some affected
populations have already been taken from thewild and housed in
aquaria while stream habitats have recovered (i.e. fish rescue,
Fig. 3) (Arthur Rylah Institute for Environmental Research,
T. Raadik, unpubl. data). The establishment of additional
populations at other sites, however, would reduce future risk
for this species. Such movements of fish already occur in
freshwater systems, with stocking and translocations of native
species (Olden et al. 2011).
There is particular concern for the impacts of climate change
on threatened species. A search of completed national recovery
plans for fish listed under the Environment Protection and
Biodiversity Conservation Act 1999 (http://www.environment.
gov.au/biodiversity/threatened/recovery-list-common.html,
accessed 20 July 2011), revealed that scant attention has been
paid to this threat to these listed species thus far. Of the 26
species included in recovery plans (19 freshwater and 7 marine
fishes), climate change was mentioned only for six of the
freshwater species. Only in one case (barred galaxias) could it
be argued that this issue was adequately addressed in recovery
actions, despite several other species likely to be under consid-
erable threat from climate-change impacts. No mention of
climate change was made for the marine species (sharks and
handfishes), however these are unlikely to be under immediate
risk as a result of climate change. This omission of climate
change possibly reflects the widespread, difficult nature of this
‘big picture’ threat, as there is little that can be done in an overall
sense by actions that the plans may realistically address. With
consideration of the species-specific impacts, however, there are
adaptive actions that could be considered and included
(e.g. environmental watering, species or genetic translocation,
Fig. 3). In light of the many potential impacts of climate change,
this threat should be specifically considered when recovery
plans are being written and reviewed, and addressed where
appropriate.
Overall, planned adaptation through changes to biological or
human systems should focus on ‘win–win’, or ‘no-regrets’
options. In the Pacific, for example, fisheries management-
adaptation options have focussed on those that can restore and
sustain coastal and freshwater fisheries (Bell et al. 2011). Some
key projections suggest that abundance of skipjack tuna,
Katsuwonus pelamis, will increase in the eastern Pacific
(Lehodey et al. 1997; Bell et al. 2011). Increased access to tuna
for subsistence fishers, along with low-cost, in-shore fish-
aggregating devices, and improvements to storing and distrib-
uting tuna will help local fishers. Abundances of freshwater fish
may also increasewith increases in rainfall in equatorial regions,
and so protection of forest cover in catchments tomaintain water
quality and developing pond aquaculture facilities are also
options.
Adaptation options for climate change cannot be considered
in isolation. Some of the more radical adaptation options may
not be permitted, given legislative obligations to threatened
species, existing stressors may limit the range of options
(e.g. coastal rock walls that may prevent landward retreat of
marine or estuarine habitats), or interactions with options
being pursued in other sectors can lead to unwanted outcomes
(e.g. maladaptation). For example, some climate-change adap-
tation options (e.g. tree planting in catchments) may further
exacerbate problems in adjacent fish habitats (e.g. reducing
stream flows and nullify habitat restoration efforts). In consid-
ering future options, management and societal values might also
need to change, and so stakeholder engagement and consultative
processes will be crucial.
Conclusions
Climate change is already affectingmany aspects (conservation,
recreational, commercial and subsistence) of marine and
freshwater ecosystems, their fishes, and their human uses (Bell
et al. 2009), both in market and non-market senses (such as
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biodiversity and ecosystem services). Climate change is likely
to have an increasingly important influence on the structure and
dynamics of Australia’s aquatic ecosystems. It is often difficult,
however, to distinguish specific effects of climate change
against the back-drop of other disturbances affecting fishes and
their habitats. Climate change cannot become an excuse for
failure to address such threats, but must be managed in the
context of existing and future pressures (e.g. exploitation rates).
Indeed, improved management of other anthropogenic dis-
turbances will help maximise adaption options available to
minimise the impacts of climate change.
The biological impacts of climate change will differ across
populations, species and ecosystems and there is a need to
consider potential thresholds and tipping points, risks and
consequences, time frames and limiting factors. Importantly,
there will be ‘winners and losers’ for species, locations and
habitats, and some impacts will be complex and cause unex-
pected outcomes. Models can be used to help provide predic-
tions and trends and to set priorities; however, they must be
based on the best available science, supported by adequate data
to reduce model uncertainty. To provide a basis for adaptive
management, such models need to overlay fisheries and envi-
ronmental data with socio-economic and political layers
(Plaga´nyi et al. 2011). Priorities must be set for management
actions and the benefits quantified so the benefits of adaptive
actions can be balanced against the costs of increased severity
of actions and impacts into the future. The future of Australia’s
unique aquatic systems depends on getting this balance right.
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